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Abstract 
Completely selective transformation of poly[(R)-3-hydroxybutyric acid] (PHB) into 
trans-crotonic acid was achieved by thermal degradation using Mg compounds: MgO and 
Mg(OH)2 as catalysts. Through catalytic action, not only the temperature and Ea value of 
degradation were lowered by 40-50 ºC and 11-14 kJ·mol-1, respectively, but also significant 
changes in the selectivity of pyrolyzates were observed. Notably, Mg(OH)2 showed nearly 
complete selectivity (~100%) to trans-crotonic acid. Kinetic analysis of TG profiles revealed 
that the catalytic thermal degradation of PHB was initiated by some random degradation 
reactions, followed by the unzipping ² -elimination from crotonate chain ends as a main 
process. It was suggested that the Mg catalysts promote the totality of the ² -elimination 
reactions by acting throughout the beginning and main processes, resulting in a lowering in 
the degradation temperature and the completely selective transformation of PHB. 
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1. Introduction 
The effective utilization of renewable resources, as an alternative to finite fossil 
resources, will become a subject of vital importance in the near future. Bio-based materials 
have already been attracting great interest from researchers, not only due to their 
biodegradable properties, but also because they originate from renewable resources. Recent 
focus has been on monomer recovery from bio-based polymers, in particular, the 
depolymerization behavior of poly(L-lactic acid) (PLLA) into L-lactic acid and L,L-lactide, 
resulting in highly stereo-selective monomer recovery leading to  the reproduction of PLLA 
[1]. 
Poly[(R)-3-hydroxybutyric acid] (PHB) is a typical bio-based polymer stored as a 
reserve energy source in bacterial cells. The thermal degradation of PHB has been 
investigated in many previous reports, in which various kinds of degradation end-products 
have been detected, e.g. CO2 [2,3], H2O [3], propene [2,4], ketene [3], acetaldehyde [3], ² -
butyrolactone [3], trans/cis-crotonic acid (CA) [2,4-8], 3-butenoic acid (BA) [2], linear 
oligomers [4-6,8,9], and cyclic trimers  [10]. It is well known that the main products from the 
thermal degradation are trans/cis-CAs and linear oligomers such as dimers and trimers having 
a crotonyl group at one chain-end [2,7]. These various kinds of pyrolyzates indicate the 
multiple degradation mechanisms of PHB present at high temperatures.  
Crotonic acid and its copolymers may have various specific applications; for example in 
dental materials, cosmetics, hair styling products, plasticizers, and herbicidal [11]. 
Poly(crotonic acid ester)s have also been developed for specific fields such as for use in 
compatibilizers and paints. Geometrically-selective trans-CA and its esters may find future 
application as versatile monomers for stereo-specific or optically active polymers [12-15]. 
Generally, it is the properties of stereo-specificity and/or optical purity of monomeric units, 
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which confer the fundamental advantages of bio-based materials, enabling the development of 
more valuable and functional polymers.  
In order to transform PHB into a specific monomer, precise control of the thermal 
degradation is crucial. In spite of the wealth of previous studies, there are few reports thus far 
which focus on the selective depolymerization of PHB into the monomer. In cases of PHB 
pyrolysis without a catalyst, net yield of all butenoic acids (trans/cis-CAs + BA) as main 
pyrolysis products ranged from 39.5 wt.-% using thermal volatilization analysis [3] to 87 total 
ion count % (TIC-%) using pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) 
analysis [4]. Recently, it was reported that 1H NMR analysis of PHB pyrolyzates at 260 °C 
revealed the ratio trans-CA:cis-CA:oligomers = 67.7:3.1:29.2 (monomeric unit-%) [5]. 
Kopinke et al. [2] also reported on the production of a large amount of oligomers during the 
PHB pyrolysis, with the recovered monomer fraction being composed of trans-CA:cis-
CA:BA = 100:10:2 (GC-area-%).  
When pyrolysis catalysts were used in PHB pyrolysis, Kim et al. [16,17] reported the 
enhancement of PHB depolymerization by CaCl2 or MgCl2. This enhancement was explained 
as being due to the Lewis acidity of Ca2+ and Mg2+ facilitating the formation of a double bond 
by the elimination of ² -hydrogen. Kawalec et al. [20] also reported on the enhancement of the 
thermal degradation of PHB by Na+, K+, and Bu4N
+ counter cations at chain-ends, proposing 
an E1cB mechanism. However, there was no discussion on the selectivity of pyrolysates in 
this report.  
In the previous report [5], we proposed a novel depolymerization mechanism: unzipping 
² -elimination to produce CAs. This report also gave several directions for transforming PHB 
into a geometrically/structurally-selective monomer trans-CA. To achieve the controlled 
transformation, catalytic depolymerization with Mg compounds (MCs): MgO, well known as 
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a specific catalyst for the transformation of PLLA into L,L-lactide [1], and Mg(OH)2 were 
investigated.  
 
2. Experimental 
2.1. Materials 
PHB [(R)-3-hydroxy butyrate (3HB) unit 100 %; Mn 170,000 and Mw 610,000 based on 
polystyrene standards; Ca, Mg, Zn, Na and K content: 27, 36, 24, 54 and 4.8ppm, 
respectively] was obtained from Aldrich and purified by re-precipitation and washing 
methods. The re-precipitation was carried out by repeated dissolving in hot chloroform, 
precipitation in cold methanol, and then drying in vacuo. Re-precipitated PHB was subjected 
to washing to remove the metallic impurities and to obtain the purified polymer, PHB-H. The 
procedure was as follows: 5.0 g of the precipitated PHB was dissolved in 150 mL of 
chloroform. The PHB/chloroform solution was then washed three times with 500 mL of 1M 
HCl aqueous solution, followed by washing with distilled water until the aqueous phase 
became totally neutral. Finally, the polymer was precipitated into methanol to prepare PHB-H 
(Mn 150,000 and Mw 540,000 based on polystyrene standards; Ca, Mg, Zn, Na and K content: 
8, 0, 12, 8, and 1.5 ppm, respectively). 
Magnesium compounds (MCs): magnesium oxide (MgO, average diameter H 0.2 µm, 
99.9 %) and magnesium hydroxide (Mg(OH)2, average diameter H 1.0 µm) were purchased 
from Wako Pure Chemical Industries, Ltd. and used as received. 
 
2.2. Preparation of PHB-H/Mg compound composite (PHB-H/MC) films 
PHB-H/MC films were prepared by dissolving PHB-H in chloroform (2 % w/v) and 
mixing with MgO or Mg(OH)2 (1-9 wt.-% to PHB-H). The mixture was vigorously stirred for 
1h to disperse the inorganic particles uniformly. The mixture was then cast on a glass Petri 
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dish. After evaporation of the solvent, the PHB/MC films were washed by methanol and then 
vacuum dried for 48 h.  
 
2.3. Measurement 
Molecular weights of the samples were measured by size exclusion chromatography 
(SEC) on a TOSOH HLC-8120 GPC system with a refractive index (RI) detector at 40 ºC 
using TOSOH TSKgel Super HM-M column and chloroform eluent (0.6 mL·min-1). The 
calibration curves for SEC analysis were obtained using polystyrene standards with a low 
polydispersity (5.0 × 102, 1.05 × 103, 2.5 × 103, 5.87 × 103, 9.49 × 103, 1.71 × 104, 3.72 × 104, 
9.89 × 104, 1.89 × 105, 3.97 × 105, 7.07 × 105, 1.11 × 106, TOSOH Corporation). The sample 
(12 mg) was dissolved in chloroform (2 mL) and the solution was filtered through a 
membrane filter with 0.45 µm pore size. 
The metallic contents were quantitatively measured with a Shimadzu AA-6500F atomic 
absorption flame emission spectrophotometer (AA). The sample was degraded by a 25% 
ammonia solution, dissolved in a 1M-hydrochloric acid aqueous solution, and then measured 
by AA.  
Proton (1H) NMR spectra were recorded on a 500-MHz JEOL JNM-ECP500 FT NMR 
system. Chloroform-d was used as a solvent. Chemical shifts were reported as ´  values (ppm) 
relative to internal tetramethylsilane (TMS) in CDCl3 unless otherwise noted. Expected 
1H 
NMR chemical shifts were predicted using a ChemNMR program in a CS ChemDraw Ultra 
version 6.0. 
Thermogravimetric (TG) and differential TG (DTG) measurements were conducted on a 
Seiko Instruments Inc. EXSTAR 6200 TG system in aluminum pans (5 mm in diameter). A 
blank aluminum pan was used as a reference. The pyrolysis data were collected at regular 
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intervals (about 20 times·ºC-1) by an EXSTAR 6000 data platform, and recorded into an 
analytical computer system.  
Pyrolysis-gas chromatograms/mass spectra (Py-GC/MS) were recorded on a Frontier 
Lab double-shot pyrolyzer PY-2020D with a Frontier Lab SS-1010E selective sampler and a 
Shimadzu GCMS-QP5050 chromatograph/mass spectrometer. Highly pure helium was used 
as a carrier gas at a static flow rate of 100 mL·min-1. The volatile products were introduced 
into MS through an Ultra Alloy+-5 capillary column (30 m × 0.25 mm i.d.; film thickness, 
0.25 µm) and analyzed directly with a quadrupole mass spectrometer (70 eV, electron impact 
ionization: EI).  
 
2.4. Dynamic pyrolysis in TG and Py-GC/MS 
Film samples (4-6 mg) in the aluminum pan were set in TG and heated at prescribed 
multiple heating rates (φ) of 1, 3, 5, 7 and 9 ºC·min-1 in the range of 60 to 400 ºC under a 
steady flow of nitrogen (100 mL·min-1).  
For dynamic pyrolysis in Py-GC/MS, a small piece of the sample (~0.5 mg) was put in 
the pyrolyser of Py-GC/MS and heated from 60 ºC to a prescribed temperature at a heating 
rate of 9 ºC·min-1 to compare with TG results at φ = 9 ºC·min-1. The volatile pyrolysis 
products were conducted into GC through the selective sampler. The temperature of the 
column oven was first set at 40 ºC and then, after the completion of the pyrolysis process, the 
column was heated according to the following program: 40 ºC for 1 min; 40–320 ºC at a 
heating rate of 20 ºC·min-1; 320 ºC for 30 min. Mass spectrum measurements were recorded 2 
times·s-1 during this period. 
Each dynamic pyrolysis experiment was repeated 2 or 3 times. Similar results showing 
the same tendency of pyrolysis behavior were obtained in all the repetitions. 
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2.5. Isothermal Pyrolysis in a glass tube oven 
About 200 mg of PHB-H or PHB-H/MC film sample was put into a Shibata GTO-350D 
glass tube oven. The oven was heated in two steps; first, the temperature was increased from 
room temperature to 160 or 200 ºC for PHB-H/MC or PHB-H samples, respectively, and kept 
at these temperatures for 30 min in vacuo. During this period, air in the oven chamber was 
completely removed. In the second step, the temperatures were further increased to respective 
degradation temperatures, i.e. 240 and 280 ºC for PHB-H/MC and PHB-H samples, 
respectively, and the temperatures were again kept constant for 30 min. Vaporized 
pyrolyzates were condensed in a chilled trap, collected by dissolving in acetone, and dried in 
vacuo using a rotary evaporator, resulting in white solids. The obtained solid products were 
analyzed by 1H NMR to characterize. 
 
3. Results and discussion 
3.1. Dynamic pyrolysis of PHB-H, PHB-H/MgO and PHB-H/Mg(OH)2 
General directions for controlling the thermal degradation so as to keep the structural 
selectivity of the monomer involve the use of an effective catalyst and the lowering of the 
reaction temperature. Previously, the stereo-selective depolymerization of PLLA has been 
achieved by using MgO [19], Al(OH)3 [20], and Sn(octoate)2 [21] as catalysts, whereby the 
function of the catalysts is to activate alkoxy anions as metallic counter cations at chain ends, 
or to promote the transesterification on Sn atoms. 
In order to examine effects of the Mg compounds as catalysts for PHB pyrolysis, MgO 
and Mg(OH)2 were blended with purified PHB-H (PHB-H:MC=100/5 wt/wt) and cast film 
samples were prepared. Thermal degradation of PHB-H/MC films was conducted 
gravimetrically on TG in a steady N2 flow. Figure 1 shows TG curves of PHB-H and PHB-
H/MC films at a heating rate φ = 9 ºC·min-1. All the TG curves showed smooth weight loss 
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behavior from the beginning until completion. The weight loss of PHB-H started around 260 
ºC with degradation being completed by 300 ºC. On the other hand, the weight loss of PHB-
H/MC samples occurred in a temperature range of 210-260 ºC, finally remaining MC 
compounds. Obviously, the Mg compounds catalyzed the thermal degradation of PHB-H by 
lowering the degradation temperature range by 40~50 ºC.  
[Figure 1] 
Apparent activation energy values, Ea, for PHB-H and PHB-H/MCs degradation were 
estimated by using the method previously proposed by our research group [22], which is an 
improved method from the Doyle’s [23,24] and Reich’s [25] methods and plotted against 
residual weight, w, in Figure 2. All the Ea curves showed relatively constant values against 
changes in w, showing 133 ± 1, 122 ± 2, and 119 ± 3 kJ·mol-1 for PHB-H, PHB-H/MgO and 
PHB-H/Mg(OH)2, respectively. These constant values suggest that the weight loss behavior 
results from one main reaction for each sample. However, if viewed in detail, gradual 
increases were noted in the beginning stage of all samples. In the cases of PHB-H/MCs, 
gradual decreases were found in the final stage. These small changes in Ea values indicate the 
presence of some minor degradation mechanisms during the PHB-H/MC pyrolysis [5]. 
[Figure 2] 
 
3.2. Py-GC/MS analysis of pyrolyzates 
To determine degradation products, PHB-H and PHB-H/MCs were subjected to 
pyrolysis in Py-GC/MS in the temperature ranges of 60-280 and 60-240 °C for PHB-H and 
PHB-H/MCs, respectively. The total ion count (TIC) chromatograms of the evolved gas from 
all samples are illustrated in Figure 3. The TIC chromatograms of PHB-H/MCs had two peaks 
in common at retention times of 6 and 17.5 min, which were attributed to monomeric and 
dimeric acids such as CAs and crotonyl-3HB acids [5], respectively, while the TIC 
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chromatogram for PHB-H pyrolyzates showed an extra peak at retention time of 22.5 min. 
This third peak, which has previously been observed by Kopinke et al. [2,26], Aoyagi et al. 
[7], and ourselves [27], was assigned to trimeric acids: crotonyl-3HB-3HB acids (M=258) 
based on a characteristic EI-MS signal recorded at m/z = 259 (M+1). 
From the TIC chromatograms, it is clear that both MgO and Mg(OH)2 promote the 
highly selective degradation of PHB-H to give monomeric acids as a main fraction, resulting 
in monomeric acid contents of 95.0 and 99.8 TIC-% in total pyrolyzates for MgO and 
Mg(OH)2, respectively. These values are high when compared to 38.2 TIC-% for PHB-H 
without catalyst, with the pyrolysis of PHB-H/Mg(OH)2, in particular, showing nearly 
complete selectivity to monomeric acids. 
[Figure 3] 
 
3.3. 1H NMR analysis of volatile products from isothermal degradation 
In order to evaluate the selective transformation of PHB to trans-CA, 1H NMR 
analysis was employed for analysis of the pyrolysis products. Isothermal pyrolysis of PHB-H 
and PHB-H/MCs was conducted in a glass tube oven and the generated volatile products were 
collected in a cold trap. Total yields of the volatile products were 82.8 to 99.6 wt.-%, as 
shown in Table 1. The volatile products from PHB-H/MCs were obviously different in their 
morphology to that from PHB-H, in which the product from PHB-H was a mixture of liquid 
and crystalline, whereas the products from PHB-H/MCs were mainly crystalline. A typical 1H 
NMR spectrum of the volatile products from PHB-H/Mg(OH)2 is shown in Figure 4. In this 
figure, three major signals, which were assigned to methyl and olefinic protons of trans-CA, 
were clearly detected at ´  = 1.9, 5.9, and 7.1 ppm (a, c, and b in Figure 4) [5,10], respectively. 
A trace amount of cis-CA was detected at ´  = 2.2, 5.9, and 6.6 ppm (a’, c’, and b’), 
respectively, as characteristic signals. There was no evidence of the formation of BA. 
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Quantitative results of the products were listed in Table 1. From the 1H NMR analysis, the 
selectivity of trans-CA in the pyrolysis of PHB-H using MgO and Mg(OH)2 was 95.5 and 
97.7 %, respectively, which are values considerably higher than that obtained for PHB-H 
without catalyst. Obviously, the Mg compounds promoted the selective transformation of 
PHB-H into trans-CA. 
[Table 1] 
[Figure 4] 
This is an interesting finding, because there is no report to date discussing the selective 
transformation of PHB into trans-CA by thermal degradation. A few reports, however, have 
treated the effect of catalysts on thermal degradation of PHB [10,16-18]. For example, 
Melchiors et al. [10] reported the effects of various kinds of catalysts on the depolymerization 
of PHB into cyclic trimers. Almost all the catalysts showed poor selectivity of monomers on 
the depolymerization, but one catalyst CF3SO3CH3, in spite of its low boiling point of 95 °C, 
exhibited extremely high selectivity (98.1 mol-%) to (trans + cis)-CAs in a total product yield 
of 81 % at 220 °C (net yield of CAs: 79.5 %). However, there was no explanation about the 
catalytic degradation behavior and no discussion on the geometrical and structural isomer 
composition of the CAs.  
 
3.4. Effects of temperature on composition of volatile products 
In order to examine in more detail the selective transformation of PHB during the 
catalytic thermal degradation, compositions of pyrolyzates generated in various temperature 
ranges were analyzed from the peak area in Py-GC/MS chromatograms and integrated with 
the fractional weight loss values from the TG data. Calculated amounts of the pyrolyzates are 
illustrated in Figures 5a–c. The maximum amount of monomeric acids (CAs + BA) formed 
from PHB-H without catalyst was detected at a high temperature range, i.e. 270–280 °C, but, 
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with a lower selectivity of 40.6 %. Both of the products from PHB-H/MCs showed maximum 
values for monomeric acid composition at the same temperature range of 230–240 °C. 
Especially, products from PHB-H/Mg(OH)2 gave the highest selectivity for monomeric acids 
of ~100 %. These results indicate that Mg(OH)2 is the most effective catalyst for the selective 
transformation of PHB-H. As a general tendency in Figure 5, it is noted that the lower the 
temperature, the higher the monomers composition, indicating that the catalytic reaction is 
more favorable for monomer formation at lower temperatures. 
[Figure 5] 
 
3.5. Effects of Mg(OH)2 content in PHB-H/MC on PHB pyrolysis 
  The specific effect of Mg(OH)2 on the transformation of PHB-H into trans-CA was 
examined with various amounts of Mg(OH)2 of 1, 3, 5, 7 and 9 wt.-% to PHB-H. These 
samples were subjected to thermal degradation in TG/DTA at a heating rate of 9 °C·min. TG 
curves of the samples are illustrated in Figure 6. All the samples showed smooth weight loss 
curves, remaining residual weights corresponding to the added MCs. The curves shifted into 
lower ranges with increasing amount of Mg(OH)2, converging on a temperature range of 200-
260 °C. This shows that the typical catalytic reaction of Mg(OH)2 occurs in the temperature 
range of 200-260 °C.  
[Figure 6] 
Volatile products from the samples with various Mg(OH)2 contents were analyzed to 
determine the catalytic effect on the transformation into trans-CA. TIC chromatograms of 
PHB-H/Mg(OH)2 pyrolyzates in a temperature range of 60–240 °C showed gradual changes 
to the selective transformation into monomeric acids with the increase in Mg(OH)2 content. 
When the content was 9 wt.-% of Mg(OH)2, there was mostly a single peak at around 5 min 
of retention time, which represents the selective monomeric acid formation.  
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Composition of trans-CA in the volatile products was analyzed with 1H NMR, 
resulting in a range of 99.4–99.7 % in the monomeric acids. Thus, it is concluded that the 
pyrolysis of PHB-H approaches complete transformation into trans-CA with increase in 
Mg(OH)2 content. 
 
3.6. Kinetics and mechanism of PHB-H/MC thermal degradation 
In a previous report [5], the thermal degradation mechanism of PHB and PHB-H was 
proposed as being initiated by auto-accelerated random degradation and followed by the 
unzipping ² -elimination from crotonyl chain ends. In this report, the effects of Mg 
compounds on the kinetics and mechanism of PHB pyrolysis were analyzed by kinetic 
simulation methods: the random degradation analysis and the integration analysis for the 
initial and main stages of PHB-H thermal degradation, respectively. From comparison with 
simulation plots in the random degradation analysis in Figure 7, the pyrolysis of PHB-
H/Mg(OH)2 is shown to start by a random degradation (L=2), where L is the least number of 
repeating units of oligomer not volatilized, and gradually shifts into an nth-order weight loss 
behavior as shown in the integration analysis plots in Figure 8. PHB-H/MgO also showed the 
same kinetics. Evaluated kinetic parameter values for pyrolysis of PHB-H, PHB/MgO, and 
PHB/Mg(OH)2 are listed in Table 2. These results show that the thermal degradation 
mechanisms of all the samples are similar to each other, i.e. random ² -elimination and/or 
E1cB mechanisms [20] as the initial processes followed by the unzipping ² -elimination 
accelerated by the chain-end crotonate group as the main process [5]. The Mg compounds 
may accelerate both the ² -elimination reactions in the beginning and main stages and/or the 
E1cB mechanism by carboxyl anions as Lewis acids and counter cations, respectively, 
forming transition states advantageous for the degradation reactions. Thereby the initial 
random degradation was promoted as shown in increases of A values, thus increasing the 
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crotonate chain-end groups, resulting in the acceleration of the main unzipping ² -elimination 
(cis-elimination) as shown in Scheme 1. 
[Figure 7] 
[Figure 8] 
[Table 2] 
The obtained high trans-form selectivity must be brought about by the control of side-
reactions which are generally depressed at lower temperatures. However, the highest 
selectivity as shown by Mg(OH)2, which catalyzed the PHB-H depolymerization at a higher 
temperature range than MgO, may be due to the catalytic control of ³ -hydrogen abstraction on 
an asymmetric carbon atom.  
[Scheme 1] 
 
4. Conclusions 
Geometrically/structurally-selective transformation of PHB into trans-CA during 
pyrolysis was investigated in the presence of Mg compounds: MgO and Mg(OH)2 as catalysts. 
The Mg compounds catalyzed the thermal degradation of purified PHB-H by lowering both 
the degradation temperature and Ea value for the degradation by 40-50 ºC and 11-14 kJ·mol
-1, 
respectively, compared with the pyrolysis of PHB-H without a catalyst. Although the 
differences in Ea value were small, significant changes in the selectivity of pyrolyzates were 
observed; especially, for PHB-H/Mg(OH)2 which showed nearly complete selectivity to 
trans-CA. Kinetic analysis of TG profiles revealed that this catalytic thermal degradation of 
PHB-H proceeded by the mechanism of unzipping ² -elimination from crotonate chain ends as 
a main process. It is considered that the Mg catalysts promote the ² -elimination reactions over 
the beginning and main processes. The resulting trans-CA selectively transformed from PHB 
will be used to produce various copolymers with vinyl monomers. 
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Figure and Scheme Captions 
 
Figure 1. TG curves of PHB-H and PHB-H/MC (100:5 wt/wt) films at heating rate φ = 9 
ºC·min-1. 
 
Figure 2. Changes in apparent Ea values of PHB-H and PHB-H/MCs (100:5 wt/wt) thermal 
degradation. 
 
Figure 3. TIC chromatograms of PHB-H and PHB-H/MCs (100:5 wt/wt) pyrolyzates in 
temperature ranges of 60-270, 60-280, and 60-240 °C, respectively, at a heating rate of 
9ºC·min-1. Peaks 1, 2 and 3 represent monomer (crotonic acid), dimer and trimer, respectively. 
 
Figure 4. 500 MHz 1H NMR spectrum of volatile products obtained by thermal degradation 
of PHB-H/Mg(OH)2 (100:5 wt/wt) in vacuo at 240ºC.  
 
Figure 5. Compositions of volatile products during pyrolysis of PHB-H and PHB-H/MCs at 
various temperature ranges. The amount of monomers was calculated from the peak area in 
the Py-GC/MS chromatogram by integrating with the fractional weight loss in TG within the 
same temperature range at the same heating rate of 9 ºC·min-1. a) PHB-H, b) PHB-H/MgO, 
and c) PHB-H/Mg(OH)2. 
 
Figure 6. Comparison of TG curves for PHB-H and PHB-H/Mg(OH)2 samples at a heating 
rate of 9 °C·min-1.  
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Figure 7. Plots of log[-log{1-(1-w)0.5}] vs. 1/T for thermogravimetric data of PHB-
H/Mg(OH)2 (100:5 wt/wt) at a heating rate of 1 °C·min
-1 (Ea=114 kJ·mol
-1, A=2.2×109 s-1), 
and for model reactions. Model reactions: zero (n=0), 1st (n=1), and 2nd-order (n=2), and 
random degradations (Random L=2-5). 
 
Figure 8. Plots of w vs. A¸  for thermogravimetric data of PHB-H/Mg(OH)2 (100:5 wt/wt)  at 
a heating rate of 1 °C·min-1 (Ea=119 kJ·mol
-1, A=1.2×1010 s-1), and for model reactions. Model 
reactions: zero (n=0), 1st (n=1), and 2nd-order (n=2), and random degradations (Random L=2-
5). 
 
Scheme 1. Trans-form preferential depolymerization of PHB. 
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Tables 
 
 
Table 1. 1H NMR analysis of PHB pyrolysis with Mg compounds. 
entry sample     catalyst 
wt -% 
temp. 
°C 
yielda 
wt.-% 
products composition  wt.-% oligomer
s 
 wt.-% 
trans-CA cis-CA 3-BA 
1-1 PHB-H - 280 99.6 57.1  3.6 0 39.3 
1-2 PHB-H/MgO 5 240 82.8 95.5 0.7 0 3.8 
1-3 PHB-H/Mg(OH)2 5 240 85.0 97.7 0.6 0 1.7 
 a  Total yield of products from the PHB-H component after isothermal degradation. 
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Table 2. Kinetic parameters for pyrolysis of PHB-H/Mg compounds. 
entry Catalyst 
wt -% 
Initial stage  Main stage 
Ea 
(kJ·mol-1) 
A 
(s-1) 
 n or L  Ea 
(kJ·mol-1) 
A 
(s-1) 
n or L 
2-1 - - 121 6.5×108 L=3  133 1.9×1010 n= 0 
2-2 MgO 5 119 8.6×109 L=2  122 2.9×1010 n= 0∼1 
2-3 Mg(OH)2 5 114 2.2×10
9 L=2  119 1.2×1010 n= 0∼1 
 a  n: reaction order; L: random degradation  L value. 
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Figure 1. TG curves of PHB-H and PHB-H/MC (100:5 wt/wt) films at heating rate φ = 9 
ºC·min-1. 
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Figure 2. Changes in apparent Ea values of PHB-H and PHB-H/MCs (100:5 wt/wt) thermal 
degradation. 
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Figure 3. TIC chromatograms of PHB-H and PHB-H/MCs (100:5 wt/wt) pyrolyzates in 
temperature ranges of 60-270, 60-280, and 60-240 °C, respectively, at a heating rate of 
9ºC·min-1. Peaks 1, 2 and 3 represent monomer (crotonic acid), dimer and trimer, respectively. 
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Figure 4. 500 MHz 1H NMR spectrum of volatile products obtained by thermal degradation 
of PHB-H/Mg(OH)2 (100:5 wt/wt) in vacuo at 240ºC.  
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Figure 5. Compositions of volatile products during pyrolysis of PHB-H and PHB-H/MCs at 
various temperature ranges. The amount of monomers was calculated from the peak area in 
the Py-GC/MS chromatogram by integrating with the fractional weight loss in TG within the 
same temperature range at the same heating rate of 9 ºC·min-1. a) PHB-H, b) PHB-H/MgO, 
and c) PHB-H/Mg(OH)2. 
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Figure 6. Comparison of TG curves for PHB-H and PHB-H/Mg(OH)2 samples at a heating 
rate of 9 °C·min-1.  
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Figure 7. Plots of log[-log{1-(1-w)0.5}] vs. 1/T for thermogravimetric data of PHB-
H/Mg(OH)2 (100:5 wt/wt) at a heating rate of 1 °C·min
-1 (Ea=114 kJ·mol
-1, A=2.2×109 s-1), 
and for model reactions. Model reactions: zero (n=0), 1st (n=1), and 2nd-order (n=2), and 
random degradations (Random L=2-5). 
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Figure 8. Plots of w vs. A¸  for thermogravimetric data of PHB-H/Mg(OH)2 (100:5 wt/wt)  at 
a heating rate of 1 °C·min-1 (Ea=119 kJ·mol
-1, A=1.2×1010 s-1), and for model reactions. Model 
reactions: zero (n=0), 1st (n=1), and 2nd-order (n=2), and random degradations (Random L=2-
5). 
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Scheme 1. Trans-form preferential depolymerization of PHB. 
 
 
